The adsorption of ovalbumin (OA) onto the bubble surfaces was studied with various pHs (3.5, 4.6, 6.0 and 8.0) by a continuous foam separation technique. From the value of the saturated surface density of adsorbed OA, the variation of effective diameter (D) of an OA molecule on the bubble surface was estimated for various pHs (3.5, 4.6, 6.0 and 8.0) of the OA solutions, assuming that the cross-section of the OA molecules be circular and that the OA molecules adsorb on the bubble surface in a closest packing structure. The estimated variation of D with pH was attempted to explain based on a model modified from that proposed by Pujar and Zydney [33]. The modified model could well reproduce the variation of the effective diameter with pH; the values of D calculated on the basis of the modified model almost agreed with that estimated from the saturated surface density in the present experimental pH range. From these, conclusion was drawn that the modified model presented in this study can express the variation in the effective diameter with pH.
Introduction
Foam separation is a method of enriching or removing various surface-active substances minutely dissolved in water. This technique has been studied in many fields, such as chemical/biochemical engineering [1] [2] [3] [4] [5] [6] , analytical chemistry [7, 8] , wastewater treatment [9] [10] [11] and so on.
In our previous study [6] , the enrichment of ovalbumin and hemoglobin used as model substances from aqueous solutions were attempted by a foam separation method in a continuous system. The adsorption of the soluble proteins onto the bubble surfaces well followed the Langmuir's adsorption isotherm, and as a result we could obtain the two adsorption parameters, i.e., adsorption equilibrium constant and saturated adsorption density. Because these parameters were remarkably varied with pH of the solution, it was suggested that the variation in the dissociation state of the amino-and carboxyl-groups in the amphoteric macromolecules with pH and the resulted variation in the electric charge of the macromolecules is closely related to the behavior of the adsorption onto the bubble surface. The influence of pH both on protein adsorption behavior and on the state of the adsorbed protein molecules on bubble surfaces is important not only for foam separation technique but also for emulsification [12, 13] , foam stability [14] [15] [16] [17] [18] , food processing [19, 20] , and so on.
In this paper, the authors concentrate its focus on the variation of the saturated surface density of ovalbumin adsorbed on bubble surfaces with pH and attempt to determine a sphere-equivalent effective diameter of albumin molecules in the saturated adsorption. The variation will be discussed on the -2 -basis of the dissociation of the residual amino-and carboxyl-groups in the protein molecule.
Materials and method

Materials
Ovalbumin from egg white (OA) was purchased from Difco Laboratories and was used without further purification. The ion strength and pH of the solutions were adjusted with a NaCl solution to 5×10 -3 M and with aqueous HCl or NaOH solutions to several desired pH values, respectively. All experiments were carried out at room temperature and under atmospheric pressure. All the other chemicals were analytical grade reagents.
Experimental setup
The experimental setup for foam separation is almost the same as that used in the previous study [6, 21, 24] . A schematic diagram of the experimental setup is shown in Fig. 1 . A bubble column of 4.4 cm in inside diameter and 0.6 or 0.95 m in height was employed. The column was made of transparent acrylic resin. Sintered glass filter (10-15 µm mean-pore size) was installed as a gas distributor at the bottom of the column. The foam collector was equipped at the top of the column to entrap the liquid in the foam generated from the liquid surface. The collector was also made of an acrylic resin cylinder 4.8 cm in height and 5.0 cm in inside diameter (i.e., the outside diameter of the foam separation column), the bottom end of the cylinder being covered with a stainless steel net. The collector was filled with a certain amount of polyester fiber wool and fixed at the top of the foam separation column. Pressure taps for measuring gas holdup in the column were installed along the wall at intervals of 25 cm.
Experimental procedure
The procedure for measuring the flow rate of the liquid in foam was the same as it described in the previous study [6, 21, 24] . The OA solution prepared at a desired concentration or pH was stored in a storage tank. The solution was charged into the column from a feed tap by a pump (see Fig.1 ). The volumetric flow rate of the feed liquid was kept constant as 0.5 cm 3 /s. After the column was filled with the solution, nitrogen gas was supplied and was dispersed as After a steady state was attained (ca. 2 hr was enough for the attainment in almost every run), the samplings of liquid in the foam for measuring the volumetric flow rate, W f , of liquid in the foam and the protein concentration, C f , in the collapsed foam liquid were started. The W f was measured as follows. The collector was attached on the top of the column to collect the upwardly flowing foams generated from the liquid surface. After ca. 15 s, the collector was detached from the column and its weight was measured by a balance. This procedure was repeated five times using five collectors (for ca. 6 minutes). W f was determined from the change in the collector's weight for the collecting time, assuming that the density of the liquid in the foam was nearly equal to that of water. After changing the foam height within the column, the experiments were repeated. - 
-
The intrinsic flow rate, W f0 , and the concentration, C f0 , of the liquid in the foam at the liquid-foam interface within the column were determined by the extrapolation method [6, 23] ; plots of the logarithms of W f and C f versus the foam height yielded two straight lines with negative and positive slopes, respectively. The extrapolations of the two lines back to the foam height = 0 gave W f0 and C f0 .
The gas holdup was determined from the difference in static pressure between the clear and aerated liquids using a differential pressure transducer (Tem-Tech Lab. Inc., JAPAN). The voltage signals from the transducer were recorded by a personal computer (NEC PC-9801VM) via A/D converter (CONTEC).
The concentrations of the proteins were measured by the Lowry method [22] . The pH of the bulk liquid in the column was measured with a pH meter (ORION Model SA 520).
Results and discussion
Determination of adsorption parameters
In the bubble dispersed phase with the column, the following mass balance is obtained under a steady state at the liquid -foam interface [6] :
where, C b , S b , and X denote the protein concentration in the bulk liquid, the production rate of bubble surface area in the column and the surface density, respectively. From Eq.(1) and Lagmuir's adsorption isotherm,
where, K and γ are the adsorption equilibrium constant and the saturated surface density, respectively. The production rate of bubble surface area in the column, S b , is expressed by the following equation [23] ;
where A, ε G , g, ρ L , ρ G and µ L denote a cross-sectional area of the column, the gas holdup, the gravitational acceleration rate, the densities of the liquid and the gas and the viscosity of the liquid, respectively. Table 1 lists the values of K and γ for each pH. Hunter et al. investigated the adsorption of lysozyme at air-water interface by using radiolabeling technique [24] . They reported that the adsorption kinetics and the adsorption equilibrium followed Lamgmuir adsorption model. Further, Razumovsky and Damodaran [25] reported that the adsorption of acidic subunits of soy 11S globulin (AS11S) and bovine serum albumin (BSA) followed Langmuir isotherm. These fundamental studies support our assumption that the adsorption of the here studying proteins be also Langmuir-type.
Variation of effective diameter for ovalbumin on the bubble surface with pH in the saturated state of adsorption
Assuming that the cross-section of the ovalbumin molecules be circular and that the molecules adsorb on the bubble surface in a closest packing structure (packing fraction, φ = 0.907) in the saturated state of the adsorption, the diameter, D, of the molecules can be calculated from γ as [6, 26] :
By solving with respect to D, [32] . In the present paper, the same problem is attempted to discuss more quantitatively.
Pujar and Zydney [33] conducted size-exclusive chromatography and Since σ s comes from the net charge, z, of ovalbumin molecules, a relation should hold between these two [6] as:
where N and α denote the number of the residual acidic and basic functional groups in the protein molecule and the dissociation degree of the functional groups. Subscripts "c", "p", "t", "a", "g" and "i" express the carboxyl-, phenolic hydroxyl-, thiol-, animo-, guanidine-and imidasol-groups, respectively. Thus, σ s can be expressed as:
where, C 2 is a proportional constant. Because, in the present study, the temperature and the ionic strength of the ovalbumin solution was kept constant and r s in Eq. (6b) can be regarded as 0.5D at i.e.p. where an ovalbumin molecule will be most compact and spherical in shape to give the smallest size (r s = 0.5D iep =25.2 Å), C 1 in Eqs.(6) can be evaluated as C 1 = 3.42×10 1 m 2 /C.
Using Eqs. (6), (7) and (8), the variation of D with pH can be estimated by giving an adequate value of C 2 . The solid line in Fig. 3 was obtained by fitting to the experimental data by a least-squares method, in which the value of C 2 = 1.53×10 -4 C/m 2 was used. The model calculation can well reproduce the experimental data, although some deviation is observed between the experimental and the calculated values at pH 3.5. The values of N and pK used for the calculation of z are listed in Table 2 . The minimum value of D calculated was given at pH 4.3. This is affected by the calculation of z (i.e., the -11 -used values of pK) and the used values of N. The good agreement between the experimental and the calculated values of D suggests that the model developed by Pujar and Zydney [33] can also be applied to the estimation of the effective diameter of ovalbumin molecules adsorbed on bubble surfaces in the saturated state. A further study will be necessary about the relation between the saturated adsorption state of foams and their stabilities.
Conclusions
The effective diameter of ovalbumin molecules adsorbed on bubble surfaces was evaluated from the value of saturated adsorption density on the assumption that the molecules be adsorbed in a closest packing structure at saturated adsorption state. When the pH of the ovalbumin solution was varied, the evaluated diameter of ovalbumin molecules became the smallest at the isoelectric point of ovalbumin (i.e., pH 4.6). This variation of the diameter with pH was attempted to explain based on a model modified from that proposed by Pujar and Zydney [33] . It was found that the experimentally obtained value of the diameter can almost be reproduced by the calculation on the basis of the modified model. From these, conclusion was drawn that the modified model Table 1 . 
